Calcium (Ca 2+ ) uptake into the mitochondrial matrix is critically important to cellular function. As a regulator of matrix Ca 2+ levels, this flux influences energy production and can initiate cell death. 
) uptake into the mitochondrial matrix is critically important to cellular function. As a regulator of matrix Ca 2+ levels, this flux influences energy production and can initiate cell death. If ]), and MCU flux appears to be modulated by [Ca 2+ ] i , suggesting Ca 2+ regulation of MCU open probability (P O ); (iii) in the heart, two features are clear: the number of MCU channels per mitochondrion can be calculated, and MCU probability is low under normal conditions; and (iv) in skeletal muscle and liver cells, uptake per mitochondrion varies in magnitude but total uptake per cell still appears to be modest. Based on our analysis of available quantitative data, we conclude that although Ca 2+ critically regulates mitochondrial function, the mitochondria do not act as a significant dynamic buffer of cytosolic Ca 2+ under physiological conditions. Nevertheless, with prolonged (superphysiological) elevations of [Ca 2+ ] i , mitochondrial Ca 2+ uptake can increase 10-to 1,000-fold and begin to shape [Ca 2+ ] i dynamics.
inner mitochondrial membrane | microdomain | NCLX | SERCA | NCX Early work on mitochondrial biology (1) suggested calcium (Ca 2+ ) is an important factor that regulates mitochondrial function, and this concept has been broadly supported by others (2) . In 1992, a very influential study (3) showed that mitochondrial Ca 2+ uptake was a genuine cellular mechanism. Recently, investigations in diverse tissues, including cardiac and skeletal muscle, liver cells, and neurons, have raised the possibility that mitochondria also serve as large and dynamic physiological buffers for Ca 2+ (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . However, this point has been debated (16) , and forces the question: How much Ca 2+ moves into and out of the mitochondria under normal conditions? Here, we seek to answer this question quantitatively using measurements taken from the literature, and we attempt to place the numbers in the context of recent insights into mitochondrial Ca 2+ uniporter (MCU) function (17) (18) (19) (20) (21) .
This critical review presents and compares quantitative mitochondrial Ca 2+ influx data from eight independent studies of cardiac mitochondrial Ca 2+ uptake (20) (21) (22) (23) (24) (25) (26) (27) , four of skeletal muscle (21, (28) (29) (30) , and seven of liver and model cells (18, 21, (31) (32) (33) (34) (35) (37) are in close proximity to the sarcoplasmic reticulum (SR), the primary intracellular Ca 2+ storage organelle, which releases Ca 2+ with every heartbeat (Fig. 1 ). Although the cell-wide (global) [Ca 2+ ] i increases from 100 nM to ∼500 nM (Fig. 1 , green arrow) with each heartbeat (38) , the microdomain [Ca 2+ ] i near the ends of the IFM may transiently rise to 10-20 μM during the release phase (Fig. 1 , red and green lines) (39) (40) (41) . This high local [Ca 2+ ] i occurs because of the close proximity of the mitochondrial ends to the SR Ca 2+ release units (CRUs) located between the transverse tubule (TT) and junctional sarcoplasmic reticulum (JSR) membranes. The "diffusional distance" from the ryanodine receptor 2 (RyR2) clusters in the JSR that face the TTs to the ends of the mitochondria is approximately 50-100 nm. The actual exposure time to high local [Ca 2+ ] i (10-20 μM) is quite brief, approximately 10 ms in the heart (42), which is significantly faster than exposures used in some experimental conditions (4, 6-10, 13, 14, 43, 44 Table S1 ). Conventional wisdom is that 70-80 μmol of Ca 2+ enters a liter of cytosol during a [Ca 2+ ] i transient in ventricular myocytes and that this Ca 2+ is subsequently removed during a contractionrelaxation cycle (25, 45) .
A fair comparison of mitochondrial Ca 2+ uptake reported by various sources using diverse experimental techniques requires that the data be converted to the same units (i.e., micromoles of Ca 2+ per liter of cytosol per second; details are provided in Eqs. S1-S3 and Figs. S1-S3). Although the opinions of different groups are substantially at odds with regard to the role of the ensemble of mitochondria as a dynamic Ca 2+ buffer in the heart, the measurements of mitochondrial Ca 2+ fluxes appear to be in good agreement with each other when compared quantitatively (Fig. 2) . Importantly, the whole-cell mitochondrial Ca 2+ uptake flux (wholecell MCU flux) derived from experiments conducted in cells (Fig. 2, filled circles) does not differ appreciably from uptake measured in suspensions of isolated mitochondria (Fig. 2, open circles) once scaled appropriately. The solid black line in Fig. 2A ("Cardiac MCU") represents an empirical best-fit line to the experimental results of the form y = mx p , where m = 0.67 and p = 1.7, and this line is subsequently used for a comparison between the whole-cell MCU flux in other cell types and uptake from other Ca 2+ transport systems (i.e., SERCA and NCX). For example, whole-cell MCU flux in the liver (Fig. 2B , colored data points) is qualitatively similar to that in the heart (Fig. 2B, black ] i is experimentally elevated beyond the physiological range (44) to levels greater than 200 μM, the measured flux is still consistent with the cardiac best-fit line (see above). Interestingly, the whole-cell MCU flux in skeletal muscle (Fig. 2C , colored data points) (28) can exceed that seen in heart (Fig. 2C, solid When the whole-cell MCU flux is compared with other major cytosolic Ca 2+ fluxes (i.e., SERCA and NCX) present in the heart over the physiological range of [Ca 2+ ] i (Fig. 2D) , both theoretical (46, 47) (Fig. 2D , solid lines) and experimental (25) (Fig. 2D , filled circles) measurements suggest that MCU flux is small by comparison. This dramatic difference in magnitude (Fig. 2D , compare red and blue lines with the black line) suggests that most of the Ca 2+ that is added to the cytosol during the contraction or during a Ca 2+ spark is resequestered into the SR by SERCA or extruded from the cell by NCX. This becomes even more apparent when each flux is scaled by all cytosolic removal fluxes (Fig. 2E ). Although these values are for small rodents, the result is similar (Fig. S4 ) for larger animals (e.g., rabbit) that have less SERCA and more NCX activity. Importantly, Fig. 2 ] i is unlikely to exceed 20 μM (39-41) and the remainder of the IFM experiences much less. We believe this to be true for both heart and skeletal muscle.
Biophysical Properties of MCU Ca
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Uptake. The cardiac whole-cell MCU flux, measured experimentally over a wide range of [Ca 2+ ] i values, can be visualized (Fig. 3 ) alongside a theoretical flux (blue line) of the form
where i mcu = g mcu ðΔΨ m − E Ca 2 + Þ; [1] where N mito is the number of mitochondria per cell (N mito = 10,000) (50) , N mcu is the ) scaled to the cytosolic volume of a ventricular myocyte. When the IMM is polarized, this flux formulation will yield results similar to the Goldman-Hodgkin-Katz formulation. Interestingly, over the physiological range of [Ca 2+ ] i (0.1-20 μM), the theoretical MCU flux (Fig. 3A , blue line) clearly supersedes the measured experimental fluxes (Fig. 3A, gray circles) . Additionally, the experimental fluxes appear to increase nonlinearly ( Fig. 2A) (25) . Also see Fig. S5 . in SI Material. (E) Comparison of the relative contribution of each flux when scaled to total cytosolic extrusion. For example, the bar labeled MCU is calculated as the whole-cell MCU flux divided by the sum of the three whole-cell fluxes (i.e., MCU, SERCA, and NCX) shown in Fig. 2D . Conversions and scaling for the heart are 40 mg of mitochondrial protein per milliliter of cell, a cytosolic-to-cellular volume ratio of 0.5, and 10,000 mitochondria per cell (50) . Details regarding other unit conversions and scaling are provided in SI Material (see Eqs. S1-S3 and Table S1 ). Note that the SERCA and NCX fluxes shown in D and E are for small rodents, but the result is qualitatively similar (Fig. S4) for larger animals (e.g., rabbit) that have less SERCA and more NCX activity. Cardiac uptake measurements (22) (23) (24) (25) (26) (27) , liver uptake measurements (31-35), and skeletal muscle uptake measurements (28-30) are taken from the literature.
where P max is the maximal open probability, P min is the minimum open probability, η is the cooperativity factor, and K m,act is the halfsaturation constant for MCU open probability.
The red line in Fig. 3A shows the resulting best-fit line when P max = 0.9 (18) and η = 1.45, P min = 0.03, and K m,act = 108 μM (Fig.  3B) . The nonlinear increase in experimental fluxes ( Fig. 2A , Cardiac MCU line) and the remarkable agreement between the uptake measurements ( Fig. 2A, gray circles) and the red line in Fig. 3A ] i , rather than increasing as seen in Fig. 2A .
ii) Active transport pathways:
a) The mitochondrial NCX transporter (NCLX) that extrudes Ca 2+ from the mitochondrial matrix (57) , is a possible cause of apparent nonlinear uptake. However, NCLX efflux should cause the slope of the influx to decline, rather than increase. Note that NCLXbased Ca 2+ influx is also possible under rare conditions (58, 59) 2+ conductance levels. The activation of larger conductance levels could create the nonlinear uptake seen in Fig. 2A .
Although we believe that the nonlinearity of the MCU uptake flux visible in Fig. 2A influx and is thought to occur because ΔΨ m is sustained in respiring mitochondria primarily by proton pumping systems and not by fast conductance K + channels (53). Experimental measurements under these conditions require ΔΨ m to be sustained pharmacologically with a K + ionophore, such as valinomycin (53) , or by voltage-clamping a mitoplast (2-to 5-μm vesicles representing the entire inner membrane of a single mitochondrion) (18, 20, 21, 51) . A study carried out with mitoplasts from COS-7 cells showed that MCU was a highly selective ion channel. The I mcu was observed to have a MichaelisMenten type saturation with a K m of 19 mM (18) . A later study with human cardiac mitoplasts (51) and murine cardiac mitoplasts (20) showed inward Ca 2+ currents (termed I mCa1 and I mcu , respectively) consistent with the same known features of the MCU as first reported in COS-7 cells (18). More recently, MCU activity was measured in mitochondria from different tissue types, and I mcu in the heart was shown to be significantly lower than in other tissue types (including skeletal muscle, liver, and kidney cells) (21) . For comparison, we have converted the heart mitoplast current values to a whole-cell MCU flux and plotted them in Fig. 3A (filled circles). We have also converted the single MCU currents from a study by De Stefani et al. (17) (Eq. 1 and Fig. 3A , blue circle). Again, note the agreement between the theoretical Ca 2+ -activated whole-cell MCU flux values (Fig. 3A, red line) Fig. 2C , over the physiological range of [Ca 2+ ] i (0.1-20 μM), skeletal muscle and cardiac mitochondria take up similar amounts Ca 2+ (at the wholecell level). Although this finding seems to be at odds with the findings of the study by Fieni et al. (21) , the small mitochondrial volume fraction in skeletal muscle (and possibly the Ca 2+ dependence of I mcu ) may provide an explanation. There is significant recent evidence that [Ca 2+ ] i -dependent "activation" of the MCU occurs by multiple Ca 2+ -dependent regulatory mechanisms (the physical location of some of these proteins is uncertain), including MICU1 (55, 56), MICU2 (61), mitochondrial calcium uniporter regulator 1 (MCUR1) (62) and Ca 2+ /calmodulindependent protein kinase II (CaMKII) (20) . Presumably these (and possibly other MCU regulators) underlie the [Ca 2+ ] i -dependent modulation of MCU P O shown in Fig. 3B . This regulation is likely to be tissue-specific and time-dependent. The actual Ca 2+ flux will also depend on the number of functional MCUs per square micron of IMM; this is also likely to be tissue-dependent and a function of developmental stage and other factors, such as dominant-negative isoforms (63).
Mitoplast Properties. Fieni et al. (21) reported a surface area of ∼0.7 pF or 70 μm 2 for cardiac mitoplasts prepared using a "French press" methodology. This value is in good accordance with measurements of the IMM surface area by Page (64) and Smith and Page (65) using EM, as well as with estimated measurements from "idealized" cardiac mitochondria that are "brick-shaped," 500 nm in width and height, and 1.5 μm long, and have maximally packed cristae (Fig. S6 ). This suggests that the mitoplasts from the study by Fieni et al. (21) are likely the product of a single mitochondrion. In contrast, another study used mitoplasts with capacitances nearly 13-fold larger (9 pF; ref. 20) . The membrane origins of such large "mitoplasts" remain to be determined and should be considered when interpreting these MCU currents.
Tissue-Dependent MCU Ca 2+ Influx Under Physiological Conditions. There are many factors to consider regarding the influence of mitochondrial Ca 2+ uptake on cytosolic Ca 2+ levels under physiological conditions. Although small amounts of Ca 2+ entering into the mitochondria may limit the capability of whole-cell MCU flux to modulate normal [Ca 2+ ] i transients, these small amounts of Ca 2+ play a critical role in regulating mitochondrial function. In addition to I mcu magnitude, one must consider the mitochondrial volume fraction of the cell when considering the likelihood of MCU influencing [Ca 2+ ] i . The relationship between I mcu density and mitochondrial volume fraction (see Table S2 ) is shown in Fig. 4 . One of the highest mitochondrial volume fractions is in mammalian heart (∼33%), whereas that in skeletal muscle is among the lowest (∼5%) and that in the liver is somewhere in between (∼20%). Tissues that display significantly higher MCU activity levels (i.e., skeletal muscle) also seem to be associated with a lower mitochondrial volume fraction. In fact, there appears to be an inverse relationship between I mcu magnitude and mitochondrial volume fraction (Fig. 4, red line) . Given the small fraction (21) in different tissues is plotted vs. the fraction of the cell composed of mitochondria in six different tissue types (i.e., skeletal muscle, kidney, liver, neonate heart, adult heart, and flight wing muscle). Additional details of the tissue-specific mitochondrial densities are provided in Table S2 . The fit line is a first-order exponential decay with extra weight applied to skeletal and heart tissues.
of cellular volume comprising mitochondria in skeletal muscle and the small magnitude of I mcu in the heart, it seems that the whole-cell MCU flux will be modest in both tissues and unlikely to influence [Ca 2+ ] i dynamics. It is also important to consider morphological differences between tissues. Cardiac mitochondria are unique in their abundance and close proximity to the CRUs (36) . Skeletal muscle mitochondria are a close second in terms of proximity but are far less abundant (66) . Mitochondria in other tissues (e.g., liver) have more variability but certainly experience less [Ca 2+ ] i compared with heart and skeletal muscle, possibly necessitating a larger I mcu to generate a similar whole-cell flux. Many studies have used a diverse set of experimental approaches to measure this influence with varying conclusions. Importantly, under otherwise physiological conditions, the acute loss of mitochondrial Ca 2+ uptake seems to have a small yet measurable effect on [Ca 2+ ] i transients in both heart and skeletal muscle (38, 49, (67) (68) (69) (70) (18, 51) . Importantly, when cardiac and liver mitochondria are exposed to the same conditions, approximately the same Ca 2+ influx is observed, as shown in Fig. 2 . We acknowledge that there may be differences in mitochondrial size, N mcu , and MCU activity between tissue types. However, whole-cell MCU flux appears to be consistent with cardiac uptake (Fig. 2 B  and C (18, 20, 51) . Kirichok et al. (18) showed that g mcu saturated at high [Ca 2+ ] i (millimolar range) and was largely open (P O = 0.99) when ΔΨ m = −200 mV but was generally closed (P O = 0.11) when ΔΨ m = −80 mV. Note that these measurements were obtained at very high [Ca 2+ ] levels (around 105 mM). In contrast, over the physiological range of [Ca 2+ ] i (0.1-20 μM), there appears to be a significant Ca 2+ dependence of P O (Figs. 2 and 3 ), which suggests a low P O (<0.1). When combined, a consistent story emerges from the data related to the Ca 2+ influx into the mitochondria under physiological conditions: the influx is small. In fact, whole-cell MCU fluxes are largely consistent in the heart, skeletal muscle, and liver cells based on the findings of 17 independent studies. Importantly, the findings discussed here show that whole-cell MCU flux (over the physiological [Ca 2+ ] i range; Fig. 2 ) is consistent with the data from mitoplast studies (18, 20, 21) and the latest characterizations of the MCU (17, 19, 51) (Fig. 3) ii) Develop mitochondrial computational models of Ca 2+ movement that take into account cellular Ca 2+ signaling data, metabolic characteristics of the mitochondria, subcellular anatomy, and the nanoscopic mitochondrial organization, including cristae.
iii) Use quantitative experimental finding to constrain the computational models and the model results to provoke new experiments.
